The neural representation of a sensory stimulus evolves with time, and animals keep that representation even after stimulus cessation (i.e., a stimulus "trace"). To contrast the memories of an odor and an odor trace, we here establish a rigorous trace conditioning paradigm in the fruit fly, Drosophila melanogaster. We modify the olfactory associative learning paradigm, in which the odor and electric shock are presented with a temporal overlap (delay conditioning). Given a few-second temporal gap between the presentations of the odor and the shock in trace conditioning, the odor trace must be kept until the arrival of electric shock to form associative memory. We found that memories after trace and delay conditioning have striking similarities: both reached the same asymptotic learning level, although at different rates, and both kinds of memory have similar decay kinetics and highly correlated generalization profiles across odors. In search of the physiological correlate of the odor trace, we used in vivo calcium imaging to characterize the odor-evoked activity of the olfactory receptor neurons in the antennal lobe. After the offset of odor presentation, the receptor neurons showed persistent, odor-specific response patterns that lasted for a few seconds and were fundamentally different from the response patterns during the stimulation. Weak correlation between the behavioral odor generalization profile in trace conditioning and the physiological odor similarity profiles in the antennal lobe suggest that the odor trace used for associative learning may be encoded downstream of the olfactory receptor neurons.
Introduction
Animals can keep representations of sensory stimuli for a short while even after their cessation. Classical conditioning can be used to behaviorally reveal such stimulus traces (Pavlov, 1911) . In trace conditioning, a conditioned stimulus (CS) and an unconditioned stimulus (US) are separated by a temporal gap (see Fig.  1 ). Therefore, a CS trace must be kept during the gap for the animal to learn the CS-US contingency, in contrast to delay conditioning, in which the CS and the US temporally overlap.
Trace conditioning has been reported in many different paradigms, such as eyeblink conditioning and fear conditioning in rodents and man (Solomon and Groccia-Ellison, 1996; McEchron et al., 1998; Woodruff-Pak and Disterhoft, 2008) . In the mammalian nervous system, memories after delay and trace conditioning require mostly common neural pathways (Thompson and Krupa, 1994) , whereas trace conditioning additionally recruits the hippocampus to bridge the temporal gap (Solomon et al., 1986; McEchron et al., 1998; Weiss et al., 1999; Woodruff-Pak and Disterhoft, 2008) . Although basic associative circuitry involved in these paradigms is well described, little is understood about how CS representations per se evolve over time and how the neural correlate of the stimulus trace is generated (Thompson and Krupa, 1994; Bathellier et al., 2008) . Given excellent experimental accessibility to the nervous system, insects may be an attractive model to study both behavioral and physiological properties of CS traces.
Insects can extract sensory information from stimulus traces. For example, Drosophila melanogaster can remember the position of a vanished visual object and use this information for navigation (Neuser et al., 2008) . Moths form olfactory associative memory more effectively in trace rather than delay conditioning . Aversive olfactory learning in Drosophila has been applied to study the temporal dynamics of stimulus representations (Tully and Quinn, 1985; Tanimoto et al., 2004; Riemensperger et al., 2005; Tomchik and Davis, 2009 ), yet the residual odor after the removal was not explicitly controlled, which may be crucial to study odor traces.
In insects, an odorant is detected mainly by olfactory receptor neurons (ORNs) in the antenna and encoded by a specific combinatorial pattern of ORN activity (Galizia and Szyszka, 2008; Masse et al., 2009 ). In the antennal lobe, to which ORNs project, odor-evoked activity undergoes transformation through excitatory and inhibitory interactions (Wang et al., 2003; Wilson et al., 2004; Mazor and Laurent, 2005; Bhandawat et al., 2007; Silbering and Galizia, 2007; Root et al., 2008; Masse et al., 2009) Davis, 2005) . Although olfactory representations in insects are much investigated, little is understood on how the representations after stimulus offset are generated and used to form associative trace memory.
We here established a rigorous trace conditioning paradigm in Drosophila and compared odor memories in trace and delay conditioning. Furthermore, we combined behavioral and physiological approaches to search for the neuronal correlate of the perceived odor trace.
Materials and Methods
Behavioral assay. The wild-type D. melanogaster strain Canton-S was used for olfactory conditioning paradigms. Flies were reared on standard cornmeal medium at 25°C and 60% relative humidity. All flies were handled without anesthesia until experiments were commenced. Mixtures of male and female flies aged 2-6 d after eclosion were used for behavioral experiments.
A standard differential conditioning with two odorants (Tully and Quinn, 1985; Schwaerzel et al., 2002) was modified for single-odor learning (Figs. 1, 2 Ai). An odor was presented for 10 s followed by four electric shock pulses (each 1.25 s long at 90 V, delivered every 5 s) (Fig. 1) . Interstimulus interval (ISI) was defined as the time between the odor onset and the shock onset (Fig. 1) . Given the 10 s odor presentation, ISI Յ10 s was operationally defined as delay conditioning, whereas trace conditioning used an ISI Ͼ10 s (Fig. 1) . In parallel, the control unpaired group was presented with the same amount of odor and shock but with an ISI of 90 s, which ensured no detectable associative learning (see Fig.  3A ) . Intertrial interval (i.e., the time between the first shock pulses in two consecutive trials) was set to 210 s, when the training cycle was repeated.
Conditioned odor avoidance was measured immediately after the training (unless otherwise mentioned) in a T-maze (Tully and Quinn, 1985; Schwaerzel et al., 2002) , where flies chose between the odor and a solvent [paraffin oil for 4-methylcyclohexanol (MCH), distilled water for all other odors]. The flies were given 2 min to distribute between the two arms of the T-maze. The number of flies in each arm was then counted to calculate their odor avoidance. An avoidance index was calculated as the difference between the number of flies distributed in each of the two arms, divided by the total number of flies. A learning index (LI) was then calculated as the mean avoidance of the paired and unpaired groups (Tully and Quinn, 1985; Yarali et al., 2009) . For the generalization experiments (see Fig. 5 A, B) , flies were trained with 1-butanol and tested with another (new) odor. A generalization index was calculated by dividing the learning index of the tested odor by that of 1-butanol.
To control for a residual odorant in the training tube after the cessation of an odor presentation, we first scented an empty training tube with a given odor for 10 s. Flies were introduced into the tube only after the removal of the odor followed by a 5 s air flush, and subsequently received electric shocks (Fig. 2 Aii, Trace control). If the flies showed conditioned avoidance comparable with the "real" trace conditioning with ISI of 15 s, the residual odor must have been sufficient to support learning. We tested five hydrophilic odorants (i.e., 1-butanol diluted 1:50; acetic acid diluted 1:20; 1-propanol diluted 1:50; propionic acid diluted 1:20; and ethyl acetate diluted 1:20) and one hydrophobic odorant, MCH (1:100) (Fig. 2B) . Odor concentrations were calibrated to induce similar memory in delay conditioning (Fig. 2B ).
Data analysis: behavior. The significance level of statistical tests was set to 0.05. None of the groups tested in associative learning violated the assumptions of the normal distribution and the homogeneity of variance. Therefore, parametric tests were used: one-or two-sample t test, one-or two-way ANOVA followed by multiple comparisons with Bonferroni-Holm correction, or Pearson's correlation coefficient. Because the distribution of the avoidance indices was significantly different from the normal distribution (see Fig. 3A ), the medians of the groups were compared with the nonparametric Kruskal-Wallis test. All statistical analyses were made using the software Prism 5 (GraphPad Software). The sample size of each group and the results of each test are reported in the corresponding figure legends. Unless otherwise stated, bars and error bars represent means and SEM throughout the paper.
In vivo calcium imaging. Odor responses in ORNs were recorded in the genotype y w UAS-G-CaMP1.3; Or83b-Gal4. These flies express a fluorescence sensor G-CaMP (Nakai et al., 2001 ) in ϳ60% of all ORNs (Larsson et al., 2004) .
For imaging, adult female flies (aged 7-14 d) were prepared as described previously (Silbering and Galizia, 2007) . The antennal lobe was imaged with a fluorescence microscope (BX-50 WI; Olympus) equipped with a water-dip objective (40ϫ, numerical aperture 1.0; Carl Zeiss) and a CCD camera (Imago QE; T.I.L.L. Photonics). Excitation light of 475 nm, which was generated with a monochromator (Polychrome II; T.I.L.L. Photonics), was filtered by a 500 nm short-pass filter. Excitation and emission light were separated by a 495 nm dichroic mirror and a 505 nm long-pass filter. Exposure time was 180 ms. To adjust different basal fluorescence values, gray filters (5, 10, and 32% transmission) were inserted into the excitation light beam. Four by four pixels of the camera were binned on-chip, resulting in a resolution of 160 ϫ 120 pixels, corresponding to 145 ϫ 109 m on the preparation. We recorded with an acquisition rate of 5 Hz for 35 s (175 frames), and odors were applied for 10 s in a pseudorandomized order. The interval between measurement onsets was 2 min. Odor stimulation was controlled by the acquisition software of the imaging system (T.I.L.L. Vision; T.I.L.L. Photonics).
Odors (Sigma-Aldrich) were diluted in mineral oil (Sigma-Aldrich) to distinct final concentrations, which were 10 times lower than the concentrations for the behavioral experiments as a result of the direct odor application method via an olfactometer. The diluted odors were stored in 100 ml rolled-flange glass bottles (Thermo Fisher Scientific), sealed with silicon-Teflon septa (Schmidlin Labor Service). The bottles were connected to a custom-built, computer-controlled olfactometer (companion paper by Szyszka et al., 2011) via needles (1.2 mm diameter) through the septum. New odors were prepared every 4 weeks. A constant airstream (3 L/min) was applied to the fly's antennae through a glass tube (inner diameter of 6.2 mm), which was located ϳ8 mm away from the fly. This constant airstream was the sum of a carrier airstream (1.2 L/min) and six channels (each 0.3 L/min). The olfactometer produced nearly rectangular odor pulses with steep odor onsets and offsets, as measured using a photoionization detector (model 200a; Aurora Scientific). Continuous air suction behind the fly cleared residual odor.
Data analysis: imaging. The imaging data were analyzed with custommade routines written in IDL (Research Systems Inc.) and R (www.r- project.org). Only flies that responded throughout the experiment with stable calcium signals were included in data analysis. First, lateral movement was corrected by means of anatomical landmarks within and between measurements. Glomeruli were identified based on anatomical cues and on their response profiles (according to Silbering and Galizia, 2007; Silbering et al., 2008) . The glomerular response patterns for 1-butanol and propionic acid corresponded well to the previously described response patterns (Silbering et al., 2008) . Glomerular responses were calculated by averaging the light intensity of 7 ϫ 7 pixels in the glomerulus center (corresponding to 6.3 ϫ 6.3 m). The relative change in fluorescence was calculated for each frame i,
is the absolute fluorescence of the ith frame, and F 0 is the background fluorescence, which was calculated as the average fluorescence of 15 frames before odor stimulation (frames 10 -25). A bleach correction was applied to the signals by fitting a logarithmic function (F(t) ϭ a ϫ e (bt ) ϩ c) to the average light intensity change in each glomerulus over time (Galizia and Vetter, 2004) . The frames 25-155, covering 26 s after stimulus onset, were excluded from the curve fitting, to make the investigation of odor and postodor responses possible. The frames before stimulation (frames 3-24) were weighted twofold in the correction because, at the beginning of the measurements, the bleaching was the strongest. For few glomerular signals the curve fitting with these parameters was not sufficient; thus, they were changed slightly [frames 4 -24 were weighted onefold, and frames 25-172 (ϭ 29.4 s) were excluded]. To quantify the similarity between pairs of odor responses over time (see Figs. 4, 5) , odor responses were first calculated as vectors that contained the signal values of all glomeruli recorded in all flies. Then, the similarity between response patterns was quantified by a sliding window Pearson's correlation which can range from Ϫ1 (anticorrelated) to 1 (perfectly correlated).
Results
We compared two forms of olfactory classical conditioning: trace and delay conditioning, which differ only in the ISI (the time from the CS onset to the US onset). In trace conditioning the odor presentation ceases before the onset of electric shock punishment, whereas it ceases after the onset of the electric shock in delay conditioning (Fig. 1) . We modified the commonly used conditioning design by presenting a single odor for 10 s followed by four pulses of electric shock to confer temporal specificity and compatibility with our physiological measurements (Fig. 1) . Thus, ISI for delay conditioning was Յ10 s, and ISI for trace conditioning was Ͼ10 s.
Establishing a reliable paradigm for trace conditioning
For delay (ISI ϭ 10 s) and trace (ISI ϭ 15 s) conditioning, we tested six different odorants. To minimize potential adhesion of odorants to the apparatus made of plastic, we chose five hydrophilic odorants (Fig. 2 B) and MCH, a commonly used hydrophobic odorant. The concentration of each odorant was adjusted to elicit comparable levels of memory in single-trial delay conditioning (Fig. 2 B) . Under these conditions, three odors induced significant memory after single-trial trace conditioning (MCH, p ϭ 0.019; propanol, p ϭ 0.031; butanol, p ϭ 0.003; propionic acid, p Ͼ 0.05; acetic acid, p Ͼ 0.05; ethyl acetate, p Ͼ 0.05) (Fig. 2 B) .
As a prerequisite to study trace conditioning, it is crucial to ensure that animals learn the task based on a neuronal odor trace but not on residual odor lingering in the training apparatus after the cessation of the presentation. Because flies are able to associate very low odor concentrations with shock (Yarali et al., 2009 ), we developed a control experiment, in which an empty training tube was scented for 10 s before the introduction of flies and then flushed with air for 5 s as was done in trace conditioning (Fig.  2 A) . The electric shock was applied only after the introduction of flies (Fig. 2 Aii, Trace control). We found that the memory of the trace control experiment was significantly lower than the memory of trace conditioning when 1-butanol was used ( p ϭ 0.014) (Fig. 2 B) . Thus, we used 1-butanol for all following experiments. In contrast, residual MCH after odor removal and air flush was sufficient to induce memory indistinguishable from the memory acquired during the trace conditioning procedure ( p ϭ 0.58) (Fig. 2 B) , suggesting that trace conditioning with MCH is confounded by lingering odor molecules.
Dependence of conditioning on stimulus timing
We next asked how long an odor trace can be kept available for associative memory formation. We trained flies twice with various ISIs ranging from 5 to 30 s. The conditioned ("paired") groups avoided the odor differently depending on the ISI (p Ͻ 0.001, Kruskal-Wallis test). The avoidance index of pooled recipro- cal unpaired groups ("control unpaired"; ISI ϭ 90 s) was approximately zero (Fig. 3A) . Accordingly, learning indices progressively decreased with increasing ISI (Fig. 3B) . These results indicate that flies can keep the trace of a 10 s odor presentation for at least 15 s after the offset and suggest that the transition between delay and trace memories may be continuous.
Next, we addressed whether the onset or the late phase/offset of the odor stimulus signals the representation for trace memory. By modifying odor duration and ISI, we compared the memories of groups trained with the same odor onset time but different offset times or with the same odor offset time but different onset times (Fig. 3C ). Odor presentations with the same ISIs (i.e., same odor onset) but different durations (i.e., different odor offset) produced significantly different memory levels (Fig. 3C) : the odor presentation that temporally overlapped with the shock (delay) was more effective than the odor presentation with the same ISI but without a temporal overlap (trace) (Fig. 3C , groups b vs c, p ϭ 0.003). Changing the odor duration and onset (i.e., ISI) while maintaining the same interval time between odor offset and shock onset did not significantly affect memory (Fig. 3C , groups a vs b, p Ͼ 0.05; groups c vs d, p Ͼ 0.05). These results suggest that the stimulus-free interval between the odor offset and the shock onset is critical for the decreased memory observed in trace conditioning.
Spatiotemporal pattern of odor representations in the antennal lobe
We hypothesized that ORNs in the antennal lobe could encode the odor trace. We therefore measured calcium responses in ORNs during odor stimulation (odor response) and after odor offset (post-odor responses), by targeting G-CaMP expression using Or83b-GAL4 (Fig. 3D) . Post-odor ORN responses in Drosophila have been found previously (Hallem et al., 2004; Silbering and Galizia, 2007; Silbering et al., 2008) , but their specificity and dynamics have not been studied in detail. Odors were presented using the same design as in the behavioral experiments, as 10-s-long pulses. Each odor induced an odor-specific pattern of positive and negative glomerular responses as visualized in the color-coded signal images for a single fly (Fig. 3D ) and in the time courses for each glomerulus averaged over several flies (Fig. 3E) . After odor offset, the response pattern changed into a post-odor response pattern, which was odor and glomerulus specific and lasted for ϳ10 s. This post-odor response could not be predicted from the odor response pattern, and the direction of response change depended on the glomerulus/odor combination. Glomerulus DC2, for example, showed a strong odor response to butanol, which went back to baseline within 2 s after offset. In contrast, the response of DC2 to propionic acid was weak during the odor presentation, but its post-odor response was sustained for ϳ10 s after odor offset (Fig. 3E) . In glomerulus X3, butanol evoked a positive odor response, whereas propionic acid evoked a negative odor response followed by a positive post-odor response, which lasted for ϳ10 s (Fig. 3E) .
Post-odor responses in ORNs are reproducible and odor specific
We next analyzed the dynamics and specificity of the ORN odor and post-odor responses, with a time-resolved quantification of their pattern similarity within and between measurements (Fig. 4) . Analyses are based on combined responses from nine flies. Each pixel in the similarity matrices represents the correlation between two response patterns at given time points. The similarity matrix in Figure 4 A shows the pattern similarity within (quadrants I and III) and between (quadrants II and IV) two measurements of 10 s butanol stimulation. Before stimulation, the correlation fluctuated around 0 (low similarity in area b in Fig. 4 A) . During odor presentation, the pattern was stable for the entire stimulation time of 10 s (increased similarity in area c). The subsequent post-odor response was also stable for ϳ10 s after odor offset (high similarity in area d) but was different from the odor response (low similarity in area e). Both odor response and post-odor response pattern were reproducible (high similarity in areas f and g). The matrix in Figure 4B shows the similarity within and between response patterns to butanol and propionic acid. Likewise, the pattern similarity with all the other odors was high within the odor or post-odor response but low between odor and post-odor responses (data not shown). The pattern similarity was lower across odors than within-odor similarity for both odor and post-odor responses [in Fig. 4B , compare cross-odor similarity between butanol and propionic acid (quadrants II and IV) and butanol (quadrant I) or propionic acid (quadrant III)].
We next quantified the dynamic of changes in pattern similarity of the butanol and post-butanol responses, by comparing the activity pattern at a single timepoint with the activity patterns at all time points (Fig. 4C) . The initial butanol response pattern turned dissimilar within 3 s after odor offset, and its similarity between the initial and post-odor responses fluctuated around 0 (Fig. 4C , magenta trace; similarity values from area h in Fig. 4 A) . The post-butanol response pattern showed increased similarity immediately after odor offset and remained stable for ϳ10 s (Fig. 4C , green trace; similarity values from area i in Fig. 4A ). Both the butanol and the post-butanol response patterns were more similar between repeated stimulations than between butanol and different odors (Fig. 4 D) , indicating that odor and post-odor response patterns were odor specific. This raises the question: does either of these odor representations serve for associative memory in trace conditioning? If it did, the degree of odor similarity in ORN responses should predict the degree of odor similarity in trace conditioning.
Odor similarity in delay and trace conditioning
To compare the perceived odor similarities in trace and delay memories, we used generalization learning (Guerrieri et al., 2005; Mishra et al., 2010) . Flies were trained with two trials of either delay (ISI ϭ 5 s) or trace (ISI ϭ 15 s) conditioning with 1-butanol. Subsequently, they were tested for the avoidance of one of four different odors, which was new to the flies (Fig. 5A) . Conditioned avoidance of the test odor depends on the perceived similarity between 1-butanol and the new test odor. Tests with the new odors revealed a different degree of odor generalization in trace conditioning, indicating that trace memory is odor specific (Fig. 5A) . The odor generalization profiles following delay Figure 5C . B, Same as in A, but pattern similarity was quantified within and between butanol and propionic acid measurements. For both odor and post-odor responses, the similarity between butanol and propionic acid (quadrant II) is lower than within butanol (quadrant I) or within propionic acid (quadrant III). C, Magenta trace, Time-resolved similarity between the odor response pattern (5-6 s after odor onset) of the first butanol measurement and the response patterns at all time points of the second butanol measurement (similarity values from h in A). Green trace, Time-resolved similarity between the post-odor response pattern (15-16 s after odor onset) of the first butanol measurement and the response patterns at all time points of the second butanol measurement (similarity values from i in A). D, Time-resolved similarity between the odor and post-odor response pattern of the first butanol measurement and the response patterns at all time points of different odors (different gray traces) and the second butanol measurement (magenta and green traces same as in C). Both odor responses and post-odor responses are odor specific, because the similarity is higher between repeated butanol measurements than between butanol and the different odors (n ϭ 85 glomeruli, 9 flies).
and trace conditioning were highly correlated (Fig. 5 A, B, r 2 ϭ 0.99), suggesting that the odor specificity in trace conditioning is comparable with that in delay conditioning. These results imply that the perception of butanol in delay and trace conditioning is similar to account for this high correlation. We further compared the generalization profile after trace conditioning with the similarity profiles of odor and post-odor response patterns of ORNs. We found that the behavioral generalization profile is not predicted better by similarity profiles for the post-odor response than by the similarity profiles for the odor response (Fig. 5C) . Thus, the neuronal odor trace that is associated with the shock may be generated downstream of the ORNs.
Memories of delay and trace conditioning have similar characteristics
The high similarity between delay and trace generalization profiles (Fig. 5B) prompted us to further examine the commonalities between the two types of memory. We compared memory acquisition and decay. As for acquisition, both delay and trace memories increased by repeating training trials (Fig. 6 A) . A single trial of trace conditioning was sufficient to produce significant memory (Figs. 2 B, 6A) , although delay memory was significantly higher after one-, two-, or four-cycle training (one trial, p Ͻ 0.01; two trials, p Ͻ 0.001; four trials, p ϭ 0.016; eight trials, p ϭ 0.76; 12 trials p ϭ 0.9) (Fig. 6A) . Interestingly, trace and delay memories reached the same asymptotic levels if the training trials were repeated sufficiently (Fig. 6A ). This result implies that the perceived odor identity in delay and trace conditioning may be similar. Additionally, the different memory acquisition rates and a similar asymptote might reflect a difference in odor saliency between delay and trace conditioning, given the assumption of a theoretical model for learning acquisition by Rescorla and Wagner (1972) .
We proceeded to measure how these similar short-term memories of trace and delay conditioning decay. Flies received eight training trials in delay or trace conditioning to achieve similar initial memory levels, and memory retention was tested at distinct time points up to 24 h. We found very similar decay kinetics between delay and trace conditioning ( delay ϭ 6.8 h and trace ϭ 6.3 h in a one-phase exponential decay) ( Fig. 6 B) ; delay and trace memories at any time point were not significantly different.
Former association improves trace conditioning
The memory score in trace conditioning was lower with few training trials, but it became indistinguishable from delay memory after repeated training (Fig. 6 A) . We hypothesized that previous associative training can help bridge the temporal gap in trace conditioning. To test this hypothesis, we trained two groups of flies with varying ISIs ranging from 15 to 35 s (Fig. 7A) . Both groups received five trials of trace conditioning, and the only difference between these two groups was the trial sequence; one group received training with ascending ISIs and the other with descending ISIs. Interestingly, the memory of the ascending group was significantly higher than the memory of the descending group ( p ϭ 0.01) (Fig. 7B) . Thus, former trace conditioning improves the ability to bridge the longer gap between the odor and the shock that flies otherwise do not learn well (Fig. 3A) .
Discussion
This study, for the first time, compares olfactory delay and trace conditioning in D. melanogaster. Delay and trace memories share striking commonalities. Odor generalization profiles of delay and trace are highly similar (Fig. 5 A, B) . Trace and delay memories reach the same asymptote and have comparable decay kinetics (Fig. 6 A, B) . Together, these data suggest a similar perception of the odor identity and similar mechanisms for memory formation in delay and trace conditioning.
Odor traces and trace memory in the fly
We established a new paradigm to compare memories after trace and delay conditioning. Our study also features an important technical point, demonstrating that odorants can linger in the Figure 5 . Perceived odor similarity in delay and trace conditioning. A, Odor generalization for delay and trace conditioning. All groups received two trials of training with butanol as in delay (ISI ϭ 5 s) or trace conditioning (ISI ϭ 15 s) and tested for conditioned odor avoidance with a given odor (butanol or a novel odor). B, Correlation between generalization indices for delay and trace conditioning. Test odors are color coded as in A. Generalization profiles correlated highly (Pearson's r 2 ϭ 0.99, p Ͻ 0.001). C, Comparison of the behavioral generalization profile after trace conditioning with butanol (same data as in B) and the similarity profile for the respective physiological ORN response patterns (same data as in Fig. 4) . Dot plot shows behavioral generalization indices versus physiological pattern similarity between the butanol and the initial test odor responses. Square points, Generalization indices versus ORN similarity profile between the butanol response (5-6 s after odor onset) and the initial response of a given odor (0 -1 s after the odor onset, averaged values in box j in Fig. 4 A) . Diamonds, Generalization indices versus ORN similarity profile between the post-butanol response (15-16 s after odor onset) and the initial response of a given odor (0 -1 s after the odor onset, averaged values in box k in Fig. 4 A) . The behavioral generalization profile barely correlates with the pattern similarity profiles of the butanol (r 2 ϭ 0.57) and the post-butanol responses (r 2 ϭ 0.26).
training apparatus (Fig. 2 B) . This residual odor after the offset appears to vary across different odorants, and notably, MCH, a widely used odorant in Drosophila, was disapproved (Fig. 2 B) . Hence, the butanol trace originates from the fly itself, not the apparatus, although the possibility of odorant adhesion on the cuticle or slow degradation in the lymph of the sensillum cannot be excluded. Compared with delay conditioning, trace conditioning was less effective, although it reached the same asymptotic level after sufficient repetitions of training (Fig. 6A) . Could flies perceive the odor trace as a less salient odor? According to the Rescorla-Wagner model, one of the robust models of learning acquisition (Rescorla and Wagner, 1972) , CS saliency specifically changes the slope (i.e., rate), but not the asymptote, of learning acquisition. In insect olfactory learning, changing odor saliency was indeed reported to affect memory formation (Pelz et al., 1997; Masek and Heisenberg, 2008; Yarali et al., 2009) . Together, our data suggest that the odor trace retains stimulus specificity but might be perceived less saliently than during the odor presentation.
Dynamics of odor representations and odor traces
Odor representations constantly change (Galán et al., 2006; Schaefer and Margrie, 2007) . The spatiotemporal odor-evoked activity in the ORNs is regulated through the dynamics of ligandreceptor binding in the ORN and complex modulations by the antennal lobe network (for review, see Szyszka, 2008, Masse et al., 2009) . By imaging calcium signals of ORNs, we found long-lasting odor-evoked glomerular activity after the odor offset (Fig. 3C,D) . This persistent post-odor activity was odor specific and different from the response pattern during the odor presentation (Fig. 4) .
The specific poststimulus activity may be an evolutionarily conserved function of the olfactory system. The odor responses of both the honeybee projection neurons and the mouse mitral cells last long after the cessation of an odor presentation (Bathellier et al., 2008 ; companion paper by Szyszka et al., 2011) . The glomerular patterns of the post-odor responses are odor specific and distinct from the patterns during the odor presentation (Galán et al., 2006; Bathellier et al., 2008 ; companion paper by Szyszka et al., 2011) . Similarly, a small fraction of projection neurons in Drosophila also showed sustained firing activity after the odor stimulation Silbering and Galizia, 2007) . However, the post-odor pattern similarity profiles in the antennal lobe did not predict the odor generalization profile in behavior (Fig. 5C ) (companion paper by Szyszka et al., 2011) . Altogether, these data suggest that (1) the representation of the odor trace may be maintained downstream in the olfactory system or (2) the odor traces may be represented by signals that are not reflected by elevated calcium concentrations. The significance of post-odor activity in the olfactory system remains to be clarified.
Along with projection neurons, Kenyon cells may keep the odor trace, because they play a major role in olfactory learning in insects and specifically in flies Davis, 2005) . Trace conditioning in the moth, however, revealed that the odorevoked spiking activity of Kenyon cells is unlikely to be the representation used for the formation of associative memory . As in the moth, there is little spiking activity of Drosophila Kenyon cells after the odor presentation (Turner et al., 2008) . However, residual calcium after the odor presentation in either Kenyon cells or projection neurons may lower the threshold of reactivation during the presentation of the US. This may be a plausible scenario considering the prolongation of odor-evoked Kenyon cell activity in the presence of a sugar reward , and a new set of projection neurons recruited during associative training (Daly et al., 2004; Yu et al., 2004) with the presentation of a US. Thus, it would be important to measure post-odor neuronal activity during delay and trace conditioning also downstream in projection neurons and Kenyon cells (Daly et al., 2004; Yu et al., 2004; Szyszka et al., 2008) .
Alternatively, the odor trace might be maintained as signals other than calcium, such as cAMP signaling (Bellmann et al., 2010) . Therefore, measurements of the odor-evoked cAMP/pro- Figure 6 . Characterization of delay and trace memories. A, Memory acquisition in delay and trace conditioning. Delay and trace memories are significantly different with one, two, and four training trials (two-way ANOVA, F (4,224) ϭ 6.14; p Ͻ 0.001; one trial, t (222) ϭ 3.5, p ϭ 0.005; two trials, t (222) ϭ 4.5, p Ͻ 0.001; four trials, t (222) ϭ 2.9, p ϭ 0.016; eight trials, t (222) ϭ 0.3, p ϭ 0.76; 12 trials, t (222) ϭ 0.6, p ϭ 0.9). They reach the same asymptotic level after sufficient training, and there is a trend for the interaction between the conditioning protocol and training repetition (F (4,224) ϭ 2.17; p ϭ 0.07). B, Memory decay after delay and trace conditioning has similar rates and dynamics. To have comparable initial memories, both delay and trace conditioning are repeated eight times. At no time points up to 24 h delay and trace memories are significantly different. Accordingly, the time constants are similar when the data are fitted to the exponential decay ( delay ϭ 6.78 h, 95% confidence interval [4.04 -21.09];
trace ϭ 6.31 h, 95% confidence interval [3.66 -22.83] ). n ϭ 16 -28. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. tein kinase A activity and modulations by associative learning would be important (Tomchik and Davis, 2009; Gervasi et al., 2010) .
Specific neural systems for trace memory?
In mammals, it is widely accepted that trace conditioning recruits additional systems to those required for delay conditioning, such as the hippocampus (Solomon et al., 1986; Woodruff-Pak and Disterhoft, 2008) and state of awareness (Clark and Squire, 1998; Clark et al., 2002) . Therefore, trace memory is proposed to be qualitatively different from delay memory, although other views have been suggested (LaBar and Disterhoft, 1998; Beylin et al., 2001; Carter et al., 2003; Kehoe et al., 2009) . Our study in Drosophila revealed a behavioral continuum between delay and trace memories (Figs. 3A, 5, 6 ), but nonetheless, trace conditioning may recruit specific neural circuitry, which might be detectable only with specific intervention. We found that trace conditioning with shorter ISIs enables the bridging of later odor-shock pairing with longer ISIs (Fig. 7) . In bees, this facilitation specifically depends on the experience of a previous trace but not delay conditioning trial (companion paper by Szyszka et al., 2011) . What could be the underlying mechanism of the facilitation? It was shown that, after associative conditioning, insects learn to anticipate upcoming US (Gil et al., 2007 (Gil et al., , 2008 . One potential neuronal correlate may be a temporal shift of the onset activity in reinforcement neurons (for review, see Schultz, 2006) . The midbrain dopamine neurons in mammals that predict a reward start to respond to the onset of the CS after associative training and stop firing during the onset of the US (for review, see Schultz, 2006 ). An alternative mechanism is the prolongation of the odor trace after trace conditioning. Associative learning may change the dynamics of the odor-evoked activity and extend the odor trace. Indeed, calcium imaging in dopamine neurons revealed that olfactory conditioning in Drosophila prolonged the response to the trained but not control odor (Riemensperger et al., 2005) . Thus, parallel measurements of trace conditioning in behavior and physiology will be important to understand the evolution of odor traces in the brain.
